ABSTRACT
INTRODUCTION
Biocorrosion, or Microorganism Influenced Corrosion (MIC), is a serious degradation process being faced by the energy production and industrial sectors, mainly in the tropical, or subtropical climate countries. The microorganisms are arranged in a biofilm formed by the extracellular polymeric material (EPM) produced by them . The production of organic deposits on the surface of equipment at, for example, hydroelectric power stations is often known as "biofouling". It can be present in stationary and fast flowing, or turbulent water.
Usually, these deposits lead to a significant reduction in the efficiency and useable lifetime of the equipment. Many studies have been carried out on the MIC, but only few have focused on the process as it occurs in the contaminated water, or in the river (non-saline) water (Heitz et al. 1996; Beech and Gaylarde 1999; Videla 2003; Schaechter 2004; Romeo 2008; Simões et al. 2010) . Frequently, immersed metals suffer biological degradation (biocorrosion) as well as physical and chemical processes that lead to corrosion. Physical and chemical degradation can cause intense changes in the behavior of the metal/solution interface. All these processes occur at the same time and, as result, a new metal/solution interface is generated, which can accelerate the MIC. The corrosion and weathering caused by the biofilms can lead to reduced efficacy of heat exchangers, unexpected corrosion of stainless steel and premature destruction of mineral materials (Marshall et al. 1994) . Although there have been several studies about MIC over the last few years, biocorrosion processes are still poorly understood. Economic losses due to equipment damage by the biocorrosion are combined with those resulting from biofouling. Despite large economic losses, such processes are not totally accounted for Brazil, where 70.3% of energy production originates from hydroelectric power stations (ANEEL 2012). These stations can be seriously affected by biofouling and biocorrosion, especially given Brazil´s suitable climatic conditions for biofilm development in natural waters (Beech and Sunner 2004) . Thus, for a better understanding of the MIC processes, it is essential to isolate and identify the microorganisms associated with the biocorrosion of immersed metals. An understanding of the relevant microorganisms in the biofilms and their metabolites could lead to strategies for reducing the financial losses and minimizing the effects of MIC (Eguía et al. 2007 ). Sulphate-reducing bacteria (SRB) are the major group of microorganisms linked to anaerobic corrosion (Beech and Sunner 2004; Zadvorny et al. 2006) . The diversity of microorganisms from the environmental samples has been commonly assessed by phenotypic and genotypic characterization of cultivable organisms. However, this represents only a small portion of the actual biodiversity in those environments. The identification of anaerobic bacteria such as Desulfovibrio sp by microbiological tests is often difficult and time consuming (Marschall et al. 1993 ). The acidophilus microorganisms, which accelerate the oxidation of iron surfaces (Videla 2003) , show great diversity, but their isolation and identification, are also restricted due to technical limitations. In an attempt to minimize these difficulties, metagenomics have emerged as a strategy to quickly and efficiently access the microbial diversity in environmental samples.
Purified DNA is representative of all the microorganisms present in a sample; amplification with specific primers for particular DNA sequences allows only the target organisms to be identified among the others (Ben-Dov et al. 2007; Boden et al. 2012) . The use of these methods allows direct access to information about the structure of biofilms communities. Genes encoding ribosomal RNA, as 16S rRNA, were used for designing primers that allow the detection of SRB groups by genus identification (Devereux et al. 1992) . Devereux et al. (1996) described the presence of these bacteria in several environments, including anaerobic biofilms. The phylogenetic analysis by means of comparisons among the sequences of 16S rRNA allows to classify the genera into distinct groups of SRB (Devereux et al. 1989 ). This study aimed to detect and identify the SRB from metallic surfaces showing corrosion, with or without visible spot of corrosion in a hydroelectric power station in Brazil by the microbiological tests and through DNA amplification with specific primers for the identification of SRB groups.
MATERIAL AND METHODS

Sampling and data collection
The experiments were conducted during the construction of a hydroelectric power plant in Ibirama-SC, Brazil (Salto Pilão hydroelectric power station in the Itajaí-Açú River, Figure 1 . In order to investigate the MIC, seven samples of metal alloys were used (Table 1) . Twenty-eight metallic coupons (measuring 100 x 18 x 2 mm) were produced for each metal alloys analyzed. The sets of metallic coupons (MCs) were placed in transparent acrylic boxes at four collection points, two at upstream points of the hydroelectric power plant (surface and deep water) ( Fig. 1 A, A1 and A2) and two at downstream points of the powerhouse in the hydroelectric power plant (surface and deep water) ( Fig. 1 B, B1 and B2), with continuous circulating water from the Itajaí-Açú River. Samples were collected randomly at two periods: April/2007 and June/2007, totaling seven specimens analyzed for each metal assessed, totaling 49 samples (Table 1 and 
Detection of Sulphate-reducing bacteria (SRB)
A system was assembled to ensure anaerobic conditions: ML medium was composed of the following (g/L): yeast extract 1, ascorbic acid 0.1, MgSO 4 0.2, KH 2 PO 4 0.2, FeSO 4 (NH 4 ) 2 SO 4 .6H 2 O 0.1, NaCl 10 and sodium lactate (70 mL/L). The medium pH was adjusted (7.3 ± 0.1) previously and transferred into tubes with rubber lids perforated by metallic needles and autoclaved for 15 min at 120ºC. The system was depressurized for oxygen removal through the needles, which were rapidly removed after autoclaving. The samples were inoculated using 1.0 mL of each sample injected into 20 mL of the ML medium, through the metallic needles (Pérez et al. 2007 ). After incubating in anaerobic incubator for 20-30 days at 30ºC, positive tubes for SRB showed black iron sulphide deposition (Clescerl et al. 1999 ).
Nucleic Acid Extraction and Determination of DNA Concentrations
The total genomic DNA was extracted from the tuber of corrosion and biofilm formed on the surface of metallic samples immersed in the Itajaí-Açú River, using the MoBio Power Soil DNA isolation kit (MoBio Laboratories, Inc., Solana Beach, CA). The purified DNA was eluted in 100 mL of solution C6 (MoBio Laboratories, Inc.) and stored at -20ºC. Power Soil DNA isolation kit solutions C2 and C3 are very efficient in removing contaminating organic and inorganic matter (BenDov et al. 2007) . DNA concentrations of the samples were determined by the ND-1000 UVVis Spectrophotometer (NanoDrop Technologies, Inc., Wilmington, DE., USA). Gene copy number was calculated on the basis of the measured DNA concentration (ng/µL).
Polymerase chain reaction (PCR) amplification of rDNA with SRB group-specific primers
The PCR reactions were performed with the samples of DNA extracted from the samples collected from the MCs. Reactions were carried out as follows: 95ºC for 1 min (denaturation), annealing for 1 min (Table 2 for temperature) and 72ºC (extension) for 30 cycles. Each reaction tube (50 µL) contained: 10 µL of each primer (4 pmol) (Table 2) , 4.0 µL of dNTP (2.5 mM), 15.5 µL of distilled H 2 O, 5.0 µL of PCR buffer (10x), 1.5 µL of MgCl 2 (50 mM), 1.0 µL of Taq Polymerase "Invitrogen" (5 U/µL) and DNA template (approx. 50-100 ng). PCR products were electrophoresed on 1.6% (w/v) agarose gel in 1x Tris/borate/EDTA (TBE) and detected through ethidium bromide in UV transiluminator. The primers sequences are described in Table 2 . 
DNA Sequencing
Fragments generated by the primers described above and in Table 2 were sequenced to confirm the identity. PCR reactions were performed in 10 µL volumes of a reaction mixture containing sterile distilled water, 0.5 µL of PCR buffer (10 x, Applied Biosystems), 0.5 µL of primer (50 pmol), 0.5 µL of Big Dye (Applied Biosystems) and 1.0 µL of PCR products. Initially 96ºC for 5 min (denaturation) and Thirty-five cycles were performed: 96ºC for 10 s (denaturation), 50ºC for 5 s (annealing), 60ºC for 4 min (extension) and 60 s of initial and terminal delay. Sequencing was performed on ABI 3130 automatic sequencer (Perkin-Elmer, Massachusetts, USA).
Sequence assembly and alignment
Sequences were edited using Staden Package (Staden et al. 2000) and aligned on the basis of similarity by the means of the sequence editor ClustalW (Thompson et al. 1994 ). Sequence analysis was performed using the sequence alignment software BLASTn run against the NCBI database (NCBI 2009), and the determined sequences were aligned using ClustalW. Distance analysis was conducted using MEGA (Molecular Evolutionary Genetics Analysis) version 5 (Tamura et al. 2005) , with bootstrap support being obtained from 1000 pseudo replicates. Trees were viewed in Treeview (Daly et al. 2000) . Parsimony analysis was conducted using Paup (Marshall et al. 1971) , with branch support being obtained after 1000 heuristic search pseudo-replicates, as well as random stepwise taxon addition and tree-bisection reconnection as the heuristic search method. Table 1 is presented a list of 49 metallic coupons (MCs), which were collected during two periods (exposure to the Itajai-Açú River water during 30 and 90 days). The groups of bacteria detected on the metallic coupons surface are shown in Figure  3 . The specification of different alloys in Table 1 is according of their chemical compositions, which are classified using a standardized code. For example, the carbon steel is essentially formed by iron and carbon with percentage of carbon among 0.008 at 2.11%. The stainless steel is an ironchromium alloy, which can contain nickel, molybdenum and other elements that has superior physical properties to that of common steel and high resistance to oxidation is the main feature.
RESULTS AND DISCUSSION
It was possible to detect SRB on metals ASTM A53, ASTM A36 and SAR 50BN (Table 1 , Fig. 2 and Fig. 3 ) that showed uniform corrosion (Fig. 2 , indicated by arrows) with 90 days of exposure. The other metals coupons did not show tuber of corrosion (Fig. 2) , showing the absence of SRB using the selective medium (Fig. 3) . All the metallic coupons of each metal collected, regardless of the presence, or absence of tuber of corrosion, were shaved on one side using new sterile surgical blades and all the material deposited on the surface were collected, then total DNA was extracted from these samples. The amplification of target sequences from the SRB with specific primers was performed by electrophoresis on agarose gels. After resolving the PCR products, some of the samples from the alloy were selected and the product was sequenced to check the presence of the SRB. The Group 1 of SRB, which included the genus Desulfotomaculum sp, and the Group 3, composed of Desulfobacterium sp was not found in any of the metals collected during the first and second collection phase (30 -90 days exposure, respectively). However, the Group 2 of SRB, represented by Desulfobulbus sp, was found on all the metals, except SAR 50BN and ASTM A36 ( Table 1 ). The Goup 4 of SRB, which comprised Desulfobacter sp, were observed only in Cu/Ni 90/10 from both the collection phases (30 and 90 days) (Fig. 3) . The SRB from Group 5, which included the genera Desulfovibrio sp., Desulfosarcina sp., Desulfococcus sp. and Desulfonema, and also from Group 6, composed exclusively by Desulfovibrio sp were observed on all the metal alloys tested from the first and second collection. This methodology that involves the amplification with specific primers for SRB genera allows not only the detection of these bacteria with metal corrosion tubercles already developed, but also those where there is still formation of corrosion tubercles with the presence of oxides and other materials, a result of the MIC. Thus, despite the presence or absence through the use of selective medium being effective in the case of corrosion after prolonged period, the initial stages of the process, which comprised the colonization of the metal, especially SRB, could only be observed through the amplification of total DNA with specific primers for the groups mentioned ( Table  2) . The metals ASTM A53, ASTM A36 and SAR 50 BN were the only metals showing a positive result (100% of samples) for the presence of SRB by using the selective medium (Fig. 3) . The PCR analysis showed positive results for all the metals tested for Desulfovibrio sp (Group 6 - Table 2) , ranging between 86 and 100% ( Fig. 3 and Table 2 ), except the sample AISI 304 stainless steel, which showed 57% positive for the genus, but 100% in Group 5 (Table 2) , which comprised, among others, also Desulfovibrio sp. Hydroelectric power stations suffer many problems due to biocorrosion and biofouling on metallic surfaces and pipes, such as obstruction of cooling systems and stoppage of power generation units. These problems can lead to severe economic losses and interrupt the energy supply, resulting in penalties applied by the regulatory agency (ANEEL, 2012) . Biocorrosion affects other industrial sectors as well, such as pipes carrying drinking water (Teng et al. 2008) , the dairy industry (Simões et al. 2010) , or any system that involves materials exposed to natural and artificial water, such as carbon steel (Duan et al. 2008 ) and stainless steel (Sheng et al. 2007 ). Generally, biofilms require long periods before the adhesion of bacteria, such as SRB, on metal surfaces actually happens. Models that anticipate the biofilm production, such as the one presented by Marshall et al. (1971) and Surman et al. (1996) show that there is an enormous chain of reactions and events occurring on the metallic surfaces that contribute to the formation of biofilms where the SRBs get attached and develop. There are many types of mechanisms for the establishment and maturation of the biofilm and it may occur via different metabolic pathways, such as those explained by Coetser and Cloete (2005) and Simões et al. (2010) . Although there is considerable diversity of microorganisms in the biofilms, the SRB are known to be responsible for increased corrosion, especially in carbon steel (Pérez et al. 2007; Castaneda and Benetton 2008) . SRB may act as an indicator for potential risk reduction by biocorrosion in the hydroelectric power stations. It now appears possible that a simple and effective tool for monitoring submerged metals and alloys could help prevent damage caused by the MIC. In this work, the samples were obtained directly from the mature biofilms, and it was possible to purify the total genomic DNA directly from the biofilm and then amplify them with specific primers for the detection of SRB. This methodology could even reduce the time consumed for the detection of SRB in those environments. In previous work, Daly et al. (2000) employed a similar methodology; however, they required additional steps to confirm the positive samples, which were not necessary for the present work. The confirmation of the correct bacteria genera was conducted by the sequence analysis previously described. Although microbiological tests can be considered as functional methodology, the molecular approach allows greater accuracy in the analysis, eliminating possible methodological limitations due to the organism physiology, mostly because SRB show exigent metabolism and extreme conditions for culture, which make difficult their isolation among all the others bacteria existing in the biofilm. Still, through the specific primers for the SRB groups, the time consumed between the collection of the sample and positive identification was considerably reduced (approximately 5 to 7 days), compared to the time spent with the microbiological tests, which could take up to 50 days until the results were available. The employment of specific primers for the SRB groups confirmed the presence of SRB in metal alloys considered positive in the test of presence or absence of SRB by the microbiological tests (Fig.  3) . In addition, SRB were detected even in the metals that showed negative results by the microbiological tests, such as the sample of metals alloys ASTM A743, AISI 410T, INOX AISI 304 and Cu/Ni 90/10 that showed negative results in culture with ML medium (Fig. 3) . With early monitoring, corrective actions could be employed to reduce the losses that overtax the companies involved in the hydroelectric construction and improve hydroelectric power station management. By improving the causes of corrosion, as well as the types of corrosion that attack on metallic surfaces, significant financial losses could be avoided.
CONCLUSIONS
The results showed the presence of SRB on the metallic coupons by the conventional microbiological techniques, which, however, was time consuming and often did not reflect the true diversity present on these metals. The isolation of these bacteria was possible only for MC already showing the signs of corrosion, which might have led to false negative results. On the other hand, the DNA assessment for the targeted microorganisms by the specific primers allowed early detection of SRB, even on the metal that had not undergone the process of corrosion. It was also possible to decrease the time between the collection and identification of the target microorganisms, as the steps for the isolation and growth of bacteria were eliminated. This study provided methodological support for the concessionaire responsible for building the hydroelectric power station, aiding in the search for alternatives to prevent possible problems associated with the presence of microorganisms responsible for biocorrosion. Although corrosion is a natural process, the presence of SRB accelerates the corrosion rate; therefore, alternatives to prevent and detect the potential problems could be employed in attempt to reduce the economic losses. Finally, this methodology was sensitive enough to detect SRB, which were associated with the corrosion, even before visual observation of corrosion tubers on the metals was noted.
